far as Syracuse (Fig. 1) . This work is a continuation of earlier studies by the authors (Weaver, 1924; Weaver and Albertson, 1936, 1939) and is supplemented by two related studies made in 1940 (Weaver and Albertson, 1940, 1940a) .
ENVIRONMENTAL FACTORS
The average annual precipitation at Hays, Kansas, was approximately 5 inches above the normal (22.9 inches) during the 6 years (1927) (1928) (1929) (1930) (1931) (1932) preceding the drought. Other environmental factors were likewise more conducive than usual to the growth of native since 1 plants. Prairies moderately grazed were in excellent condition, but those that were ungrazed accumulated so much debris that the basal cover afforded by living plants was greatly reduced. The more mesic vegetation advanced up the slopes from the moist ravines and lowlands to the more xeric hillsides and tablelands. Big bluestem-(Andropogon furcatus), for example, which normally grows in ravines, was found in considerable quantities in the depressions or "buffalo wallows" on the nearly level uplands in 1932, at the end of the wet period. Little bluestem (Andropogon scoparlts) and the wire grasses (Aristidan purpurea and A. ongiseta) likewise spread from their strongholds on the hillsides into the short-grass areas of the level uplands. It was not uncommon to find scattered bunches of these throughout the short-grass type. In general, plant production was somewhat above normal, and this luxuriance of growth made the vegetation more susceptible to the drought that followed (Clements, 1929) .
The low rainfall during the dry years was accompanied by low relative humidity, high temperature, high wind velocity, and extremely high rates of evaporation. The damaging effect of insufficient precipitation was intensified by the fact that during the warm season, when soil moisture was most essential to growth, precipitation was often much less than normal. PRECIPITATION The annual precipitation for the drought period during which this study was made (1933) (1934) (1935) (1936) (1937) (1938) (1939) was below normal for every year (Fig. 2) the 7 years even closely approached normal, and during one of these 3 (1937) there was over 5 inches deficit. The remaining 4 years (1933, 1934, 1936, and 1939) each had approximately 16 inches, which is nearly 7 inches below normal. Precipitation of the growing season (April to September) has a greater effect in determining the survival or death of the vegetation than has total precipitation for the year. May was the only month in which precipitation averaged above normal for the entire period and this resulted from several unusually heavy rains during May of 1935, 1936, and 1938 (Fig. 3) . During 3 of the 7 years, rainfall for May was far below normal. The value accrued from the surplus moisture was offset by extremely abnormal conditions before and following the rainy period. In 1935, for example, 7 weeks of plentiful rainfall during May and early June were preceded by the worst dust storms on record. The wet period was followed by one of equal length with scarcely any precipitation.
It was during the month of July, 1935, that only 0.01 inch of rain fell. Rainfall for July, when soil moisture is indispensable to plant growth, averaged only 45 percent normal during the 7-year period. Only 2 years (1935 and 1938) had precipitation of about an inch or less below normal. Much of that in 1935 was lost because of the relatively impervious mantle of dust that was deposited over most of the soil and vegetation in March and April.
The total annual precipitation for the years 1933 to 1939, inclusive, was 34.46 inches below normal ( Table 1 ). The amount received over a period of 7 years was approximately equal to what would be expected in 51/2 years of normal precipitation. Furthermore, it was over 40 inches less than that received the 6 years previous to the beginning of the drought in 1933.
The accumulated deficit for the first 2 years of the drought (1933 and 1934) amounted to 13.5 inches. That during 1935 added only another inch, but this was followed by 2 years when the deficit was further augmented by over 12 inches, increasing the total to 26.6 inches. The precipitation for 1938 was only 0.8 inch below normal, but this resulted from an excess of nearly 5 inches in May. The deficiency for TABLE 1. Mean monthly precipitation with departure from normal (1868-1939) and total departure each month (in inches), percent of normal precipitation for all years of each month, and accumulated deficits 1933 to 1939 at Hays, Kansas. Month 1933 Month 1934 Month 1935 Month 1936 Month 1937 Month 1938 Month 1939 tions, the precipitation in 1938 was the greatest of the 3 years. In four places, the rainfall for 1937 exceeded that of 1939; in five, the reverse condition prevailed. The normal precipitation, deviation from the normal, the total deficit, and the percent of normal precipitation for these 3 years are given in inches) was the greatest at any of the stations where studies were made. It was least at Tribune with 16.72 inches. The precipitation was below normal in every location for each year except 1938, when it was 2.1 and 2.93 inches above the mean at Oakley and Tribune, respectively. The accumulated deficit for the 3 years ranged from 5.99 inches at Tribune to 25.9 at Holcomb. At four of the nine stations, the total for 3 years was actually less than that which would normally be expected in 2 years. The percentage of total normal precipitation for the 3-year period ranged from 57.3 at Holcomb to 88.1 at Tribune.
The deviation from the mean annual precipitation for the entire state, the middle division, the western division, and for Hays is given in Table 3 . These data indicate that deficient precipitation did not occur simultaneously over the entire state. For example, the drought did not begin at Hays until 1933, but in the middle division it made its appearance in 1930 and in the western division in 1931.
TEMPERATURE
The average monthly and mean annual temperatures for the 8-year period immediately preceding the drought (1925 to 1932), those for the 3 best years of the drought (1935, 1937, 1938) , and those for the 4 worst years of the drought are shown in Table 4 . The average of the years 1925 to 1932 was fairly typical, the mean annual temperature being only .70F. above normal. During the 3 years 1935, 1937, and 1938, the mean annual temperature was 2.1? above normal, and in 1938, the year of greatest rainfall, it was 3.8? above normal. The average for the 4 worst years of the drought (1933, 1934, 1936, 1939 ) was 3.1? above normal. The greatest departure from normal was in 1Q34 when the mean annual temperature averaged 4.4? above.
The monthly average of maximum daily temperatures for the growing season (April to September) has a profound effect upon the vegetation. At no time during the growing seasons of 1925 to 1932, inclusive, did the average daily maximum for the month reach 1000F. (Table 5 ). The average for July during this 8-year period was 93.1?. It varied from 96.7? in July, 1930, to 88.7? in 1928. The average maximum daily temperatures for June and August were 7.9? and 2.7?, respectively, below that of July. These temperatures are in direct contrast with those of the drought years when the temperature was not only much higher but high temperatures also of much greater duration. For example, the average daily maximum for July, 1935, 1937, and 1938, was 4.7? above the fairly normal period of 1925 to 1932. In making the same comparison for August, a difference of 7.5' was found. The temperature during the 4 driest years of the drought was even higher and of greater duration. The average maximums for June, July, and August were 93.2?, 100.60, and 94.80, respectively, or 8.0?, 7.50, and 4.40 higher than the fairly normal period of 1925 to 1932. The average maximum temperatures for the three periods (predrought period, 3 best years of drought, and 4 worst years of drought) were nearly the same in April and again in September. This is likewise true for the mean daily temperatures (Fig. 5) . In (1933, 1934, 1936, and 1939) ; 2, of 3 best drought years (1935, 1937, and 1938) ; and 3, of predrought period (1925 to 1932). Mean daily temperatures: 4, of 4 worst drought years; 5, of 3 best drought years; and 6, of predrought period. gust. In 1935, April had a total wind movement of 9,657 miles, which was over 1,100 miles greater than April, 1938, and nearly 2,000 miles greater than the monthly average for the drought period.
The average total wind movement per month for the drought period was greater than the normal (1908 to 1939) for every month of the growing season except September, which was only slightly below normal. The total wind movement for the growing season of 1934 was highest, being 41,782 miles. That of 1935 and 1939 was only slightly less-41,145 and 40,700 miles, respectively. Wind movement for the growing season of 1935 totaled high because of the very strong winds of April and early May. The remaining 2 years of most severe drought (1933 and 1936) had less wind movement-34,819 and 33,828 miles, respectively. There were three seasons (1933, 1936, and 1938) for which the total wind movement for the season was below normal. During the remaining four seasons wind movement ranged from 3,770 miles (in 1937) to 5,611 miles (in 1934) above normal.
Veological Monographs

DUST STORMS
The combined effects of cultivation, overgrazing, and drought created a condition in the surface soil which was extremely conducive to the blowing of dust by the wind. Deficient rainfall in the middle and western portion of the state of Kansas began in 1931 (Table 3) . As the soil became drier and more barren, cultivation was more effective in pulverizing the surface soil to the extent that it could be easily lifted by the wind. I)ust storms in western Kansas were frequent but not severe during 1932. In 1933 there were many local dust storms and several were of wide extent and especially severe on April 13, 19, and 29. Lights were necessary in the middle of the afternoon, and such darkness prevailed that chickens went to roost soon after midday.
The season of 1934 was not considered a dusty one, even though it was extremely dry. Dust storms were more frequent and widespread in April, however, than they had been in any other month in the history of the state.
The blowing of dust reached a climax in March and April of 1935. The extremely high wind velocity during these two months was all that was necessary to initiate the black blizzards in the vast areas covered with dry, pulverized soil. Even as early as February 21 and 24, dust storms were unusually severe. They occurred on approximately half of the days after March 15; in fact, on some occasions, the air was filled with dust for a period of several days at a time. Often a dust storm approaching from a distance had much the appearance of an extremely dark rain cloud, being driven by a wind of high velocity (Fig. 6 ).
Photo by Conoard
Fio. 6. Dust storms at Hugoton in southwestern Kansas, typical of the black blizzards of the great drought.
Visibility in the areas covered by these "dusters" was often reduced to only a few feet or even to zero. It was then necessary to follow the pavement curb and count the streets to find one's way home. Dust penetrated every crevice in the houses. As much as a quarter of an inch of dust accumulated over the floors and furniture. The dust storm of late afternoon and night of Mlarch 15 and 16 was reported to have been the most severe and most damaging ever known in northwestern and north-central Kansas.
Traffic on the highways was abandoned; trains were delayed; and, on many occasions, people were obliged to cover their faces with dampened handkerchiefs in order to breathe.
Much of the dust that was moved about was not actually suspended in the air but carried along the surface of the soil. The few growing plants that remained were often cut away as if they had been subjected to the action of a sand blast. In sections of the dust bowl, fence posts were not infrequently worn away so that only a small portion in the center remained. Enormous, tortuous drifts of soil, often as high as 30 inches, were deposited over the prairies, especially where vegetation such as yucca, sagebrush, or cactus caused the accumulation of soil. Vast areas of vegetation were smothered by the drifts of loose soil (Fig. 7) . They estimated that 5.000.-000 tons of dust were suspended over the area of 30 square miles occupied by the city in a layer of atmosphere one mile thick. However, the dust extended upward to a height of more than 12,000 feet and the source area of the dust was 250 miles westward (Lugn. 1939 ).
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Much of the dust-blowing in cultivated fields subsequent to 1936 was prevented by improved cultural practices. On numerous occasions the writers have witnessed severe dust storms where the soil was actually lifted from prairies that were previously denuded by deposits of dust from cultivated fields. This type of dusting is difficult to control since cultivation, in many instances, is either undesirable or impossible (Joel, 1937) . EVAPORATION The average monthly evaporation from a free water surface during the growing season for a period of 32 years (1907 to 1938) gradually increased from 5.9 inches in April to 10.5 in July, after which it decreased to 7.4 in September ( The greatest average monthly deviation from the mean occurred in July and was +2.7 inches. It was 1.8 inches above normal in June, 1.7 inches in August, and 0.7 inch in each of the 3 remaining months, April, May, and September. Evaporation during the drought years was 8.5 inches above normal for the growing season. The average monthly evaporation for the 4 driest years was highest in July, being 14.2 inches. April had the lowest average evaporation which was 6.8 inches above normal. The average rate of evaporation for the 3 best years of the drought (1935, 1937, and 1938 ) was 6.4 inches during April, and 6.2 inches in May, after which it rose rapidly and reached its maximum of 11.9 inches in July.
WATER CONTENT OF SOIL
The amount of moisture in the soil is especially important in the Great Plains region, since it is nearly always the limiting factor in plant production. Available soil moisture was determined in the first and second 6-inch depths and in 12-inch soil cores taken with a Briggs' geotome to a depth of 5 feet. Except for 1936, samples were obtained at weekly intervals from the third week of May to the second week of September throughout the entire period of drought. Other samplings were made at irregular intervals in early spring and in late fall. Total water content of soil minus the hygroscopic coefficient (which was determined for each soil depth) is designated as water available for growth. In this manner, the water content of soil upon which vegetation existed during the drought period was definitely ascertained (Fig. 8) .
As a result of the wet year of 1932, there was sufficient moisture stored in the soil of the shortgrass type of grassland to insure rapid growth in the early spring of 1933. Available water early in 1933 extended throughout the depth to which determinations were made. The top 12 inches contained more than 10 percent available water, and from the 12-inch depth to 3 feet, there was only slightly less. From the 3-foot level to 5 feet, nearly 5 percent of water was present.
As the season progressed, the quantity of available moisture rapidly diminished, especially in the upper portion of the soil. By the first week in June, no moisture was available in the first 12 inches; less than 5 percent was available in the second and fifth foot, and less than 2 percent in the third and fourth foot. By the second week in June, no moisture was available to 3 feet and less than 5 percent below that depth. This condition continued until the first week of July, with the exception of less than 2 percent in the first 6 inches during the third week in June, caused by local showers. During the second, third, and fourth weeks of July, from 8.3 percent to less than 2 percent was available in the upper 12 inches. During the first two weeks of August no moisture was available to a depth of 3 feet. Intermittent showers during the last half of August and the first half of September resulted in as much as 7.3 percent available moisture in the upper 6 inches. The amount of water between the 3and 5-foot levels remained rather constant throughout the season, but at no time was the amount above 5 percent.
March and April of 1934 were unusually dry and by the third week of May there was less than 2 percent available moisture in the upper 6 inches and none below this depth to at least 5 feet. This condition remained constant until the third week of June, when approximately 5 inches of rainfall increased the amount of available moisture to 18.5 percent in the upper 6 inches and 12.8 percent in the second 6 inches. The increase in moisture in the second foot was almost negligible. This moisture was rapidly dissipated through evaporation and transpiration and lasted but 3 weeks. From the second   MAY   JUNE  JULY  AUGUST  SEPT.  3  4  1  2  3  4  1  2  3  4 11  2  3  4  1  2   1933 4S' week of July until the fourth week of August, there was no moisture available at any depth except in the upper 6 inches, where the amount was less than 2 percent. The rains during the latter part of August and early September brought the total available moisture to slightly more than 10 percent in the upper 6 inches. Less than 5 percent was available for plant growth in the second 6 inches and none below this depth. A small amount of available moisture in the upper 12 inches was present throughout the month of September, which gave the scanty stand of living vegetation an opportunity to produce some fall growth. The early spring of 1935 was extremely dry and windy. Soil moisture determinations made during March and April showed that practically no available moisture was present during this time. The rains during the latter part of May and nearly all of June stored available moisture to a maximum depth of 24 inches. The greatest amount available at any one time was 14.7 percent in the upper 6 inches during the last week of May. This condition was maintained for 4 weeks, after which the available moisture rapidly diminished and for a period of 7 weeks during July and August there was none. Rainfall during late September, 1935, increased the amount of available moisture to 20 percent in the upper 6 inches.
The number of moisture determinations made during 1936 was insufficient to make it possible to include them in chart form. The amount of available moisture, however, was extremely low and where present was limited to the upper 6 inches.
There was no available moisture at any depth except the upper 12 inches in 1937. During 3 of the 16 weeks when moisture determinations were made, no available water was found at any depth. The amount present during the 13 weeks varied from 1.2 percent for the first week of July to 13.6 percent for the fourth week of the same month. The amount for the third week of August and the second week of September was 8.0 and 12.9 percent, respectively, in the upper 6 inches. Less than 2 percent was available in the 6to 12-inch level during 6 of the 16 weeks and none was available during the remaining 10 weeks.
The nearly normal rainfall of 1938 failed to store available moisture in the soil to a depth greater than 12 inches. During the third week of May, 12.9 percent available moisture was found in the upper 6 inches and 5.8 percent in the second 6 inches. This supply gradually diminished -until the showers during the third week of June restored the amount to 12.4 in the upper 6 inches and 5.7 in the second 6 inches. By the second week of July, all available moisture had been used by the growing vegetation. From this time until the third week of August, a period of 5 weeks, no available moisture was present. The rains during the third week of August, however, brought the total amount available to plant use up to 12.9 percent. Since this was all in the surface 6 inches, it was quickly lost through evaporation and transpiration.
There was never any available soil moisture below 6 inches during the extremely dry season of 1939. The amount in the upper 6 inches was never greater than 10 percent except during the fourth week of June and the third week of August. Less than 5 percent was present during 3 weeks of June and less than 10 percent during the second and fourth weeks of August. It is significant that even with showers as great as 1.5 inches, such as the one received on June 14, comparatively little water was stored in the soil. The explanation of this doubtless lies in the fact that much of a dashing rain of this amount, because of the relatively impervious soil and scarcity of vegetation, is lost to the location where it falls and becomes a flood hazard in the valleys below. Soil moisture determinations made later in the autumn of 1939 revealed that no moisture was available at any depth to 5 feet after August.
COACTIONS
Depletion of the ranges during drought has greatly
intensified the grazing on practically all pasture land. The carrying capacity of large areas has been greatly reduced. Where formerly 1 animal unit required a grazing range of 10 to 12 acres, 30 to 50 acres are now needed. The farmers, in many instances, found it difficult to reduce the number of livestock to a conservative stocking rate; consequently, most of the grassland in the Great Plains region has been seriously overgrazed. Furthermore, decreased forage has caused a reduction in the quantity and quality of meat produced by the livestock. During recent years it has been impossible to carry livestock through the summer without supplemental feed.
Grasshoppers have further added to the deterioration of the range. On numerous occasions, as many as 8 to 12 per square foot have been found feeding upon the weeds and grasses in the native pastures. Preliminary investigations indicate that, during periods of extreme drought, a large percentage of the vegetation is consumed by the hungry grasshoppers. (Fig. 9) .
TYPES OF VEGETATION
There are three types of vegetation, with varying degrees of intermixtures, that are common in the mixed prairie of west-central Kansas, especially in those regions where there is an outcrop of limestone, such as Smoky Hill Chalk, Fort Hays Limestone, and Benton Limestone
The little-bluestem (Andropogon scoparius) type is most extensive, occupying about 60 percent of the area. This type is commonly found on the hillsides and in shallow ravines. Under favorable environmental conditions, it extends over the brows of the hills and far into the short-grass areas if the slope is gentle. If the slope is steep, however, the transition from one type to the other is rather abrupt. The short-grass (Buchloe-Bouteloua) type constitutes approximately 30 percent of the prairies and is found widely distributed over the nearly level uplands. Smaller areas and strips also occur on gentle slopes and at the bases of hills, especially on southfacing slopes (Albertson, 1937). Farther to the southwest, where much of the land is comparatively level, the short-grass type predominates, and in many areas, due to overgrazing, the mid grasses have been almost completely replaced by the short grasses.
An ecotone or transition zone between the littlebluestem and short-grass types is composed of two layers of grasses, scattered bunches of little bluestem, wire grass (Aristida spp.), and side-oats grama (Bouteloua curtipendula) forming the upper layer and the short grasses the lower one.
The big-bluestem (Andropogon furcata) type is of much less importance and is generally limited to the larger ravines and protected slopes (Clements, 1936) .
CHANGES IN VEGETATION
Vegetation that has become adapted to the variable climatic conditions in the Great Plains region has been compelled to undergo a state of dormancy or semidormancy several times during the growing season. During the period of 7 years of drought, the vegetation has frequently been subjected to such severe desiccation that for days at a time much wilting occurred. Often buffalo grass (Buchloe dactylides), blue grama grass (Bouteloua gracilia), and even other species became so dry that when trodden upon they crackled underfoot (Shants, 1923). Short grasses growing on the tablelands were the first to manifest effects of drought. Animal life was materially affected by drought and dust. This was especially true of the ground-dwelling species of mammals and birds. The number of jack rabbits, prairie chickens, quails, and horned larks, for example, was reported to have been greatly reduced in some areas (Wooster, 1935; . The destructive effect of drought on the vegetation upon which they fed has been traced annually by means of scores of permanent quadrats.
CHANGZ8
IN ANDROPOGON soomus
TYPz Studies in the Anmropogon scopariua type were begun in 1932 when stock was excluded from several representative areas, which had been moderately grazed for many years. Numerous meter quadrats were staked out and permanently marked for future study. These quadrats were charted in the fall of 1932 and each subsequent autumn except 1936.
UNGRAZED CLO8ED TYPE OF ANDROPOGON 800PARIU8
The percentage of basal cover afforded by each species for each year in this type is shown in Table 8 . -Forbs ar not included in thi aer because of limitations of spacs; they will be treated separately. Thepressnce or abssncs of ruderals at the time of quadratting was largely dstermined by varation in seasonal conditions Native forb have been greatly dsplsted in numbers or have disappeared.
Little bluestem constituted the major portion of the vegetation when these studies were initiated (Fig.  12 ). Its associate, big bluestem, formed approximately one sixth of the total plant cover. The basal cover averaged about 60 percent. Less than this amount was frequently found because of excessive debris resulting from dead vegetation accumulated through previous years. Slight increases occurred where grazing was heavy enough to prevent this accumulation but not so intense as actually to damage the bluestems. was found elsewhere. By the middle of June, 1933, this chief dominant had grown but little, and the folded leaves were a definite sign of drought. The more deeply rooted big bluestem, however, was from 9 inches to 15 inches tall and apparently little affected by drought.
By the first of July, there was no available mois-ture5 in the upper 24 inches and many of the grasses were showing more definite signs of soil moisture deficiency. Only the deeply rooted forbs such as lead plant (Amorpha canescens) and few-flowered psoralea (Psoralea ?enuifora) were fresh and green.
The early spring of 1934 was unusually dry and renewal of growth was much delayed. The rains of June, however, did much to revive the droughtstricken vegetation, and growth continued until early in July when, because of extreme heat (112'F.), low relative humidity (9 percent), and defleient soil moisture, much of the vegetation in this habitat was forced into dormancy. This condition continued until the slightly above normal precipitation of September stimulated some fall growth. It was observed during the fall of 1934 that many of the young native plants, both grasses and forbs, and the older bunches of grass, had suffered severely from drought. The basal cover had decreased from 60.3 percent to about 47 percent.
The heavy rains of late May and early June of 1935 washed away much of the dust that had accumulated on the vegetation in this habitat. Vegetation that remained after 2 years of drought and a severe dusting renewed growth with much vigor during June when the surface soil was continuously moist. The supply of available soil moisture, however, was soon exhausted and by the middle of July the little bluestem, now 12 inches high, began to wilt and was soon forced into dormancy. The effects of drought became much more intense on south-facing slopes than on those facing northward. Furthermore, the xeric strips of short grasses commonly found on the lower slopes, with bluestems both above and below (Albertson, 1937), became widened by short grasses invading the vegetation both above and below their usual habitat.6
The accumulated effects of 1933, 1934, and 1935, added to the extremely dry year of 1936, was nothing less than a catastrophe to the bulk of the living plants. The rains of May (1936) were sufficient to support growth for only a few weeks, after which the extremely dry weather of June and July reduced the basal cover to 16.1 percent. This was scarcely more than one fourth the original amount (Fig. 14) .
Even though the rainfall for the year 1937 was somewhat greater than for three of the four preceding ones, the amount received during the growing season was below normal in every month except July. It was the rainfall of July and August that caused late summer growth, which in turn resulted in a slight increase in cover over that of the previous year.
The rains of April and May of 1938 were conducive to both the germination of seed and the rapid growth of the living portion of native plant cover. Remnants of little bluestem were found only rarely where the continued drought had failed completely to destroy them. Big bluestem was also found to contain small live fragments scattered sparsely through the area which it originally occupied.
Myriads of seedlings appeared in the open spaces between the bunches of living grasses. On numerous occasions, as many as 50 to 75 per square foot, mostly those of side-oats grama and hairy grama, were found. These seedlings were of greatest abundance near the parent plants where the soil surface was protected from drying during the period of seed germination. The drought of July and early August greatly reduced the number of live seedlings. It was not uncommon to find numerous seedlings with 3 to 5 brown leaves that had withered and fallen. Examination revealed that the roots had penetrated less than 12 inches into the soil, which now had no available moisture. It was estimated that 90 percent of the seedlings perished during this dry period.
The mature vegetation fared considerably better than did the seedlings. The clay pockets in the rock crevices between the 2and 8-foot depth were well supplied with moisture by the spring rains. This supply was sufficient to support rather continuous growth throughout the season. By August most of the grasses were fruiting. The effeets of the drought were manifest, however, in the small percentage of caryopses produced in relation to the number of florets. The adverse growing conditions were most intense in 1938 during the time when many of the grasses were in full blossom. This condition was doubtless instrumental in reducing the yield of caryopses to almost zero in many locations. It is signiflcant that the best yields of seed were obtained in buffalo wallows, on north-facing slopes, and in similarly better-watered places.
The year of 1939 was the driest of all during this drought period. The rains of June and August were slightly above normal. But being separated by the hot, dry month of July, the rainfall of June, in particular, was relatively ineffective. Showers in August, however, aided materially the struggling grasses in producing flower stalks and, in a few cases, an extremely low percentage of caryopses. The reserve of soil moisture carried over from 1938 plus the small amount received during the growing season of 1939 was sufficient to maintain the basal cover of approximately 30 percent produced during the previous year (Fig. 15 ). A decrease in the basal cover and a corresponding increase in bare ground were not the only things of interest that occurred during these 7 years. The direction of movement of all vegetation was toward locations where environmental conditions, especially soil moisture, were more conducive to plant growth.
Little bluestem, which furnished the major portion of vegetation at the beginning of the drought, rapidly decreased to practically nil by 1939. Large areas of comparatively level pastures were often found to be completely devoid of this species. Sometimes a few dwarfed, weak stems grew from the periphery of some of the nearly dead bunches.
Big bluestem, though it suffered severe losses, survived better than its associate. This was attributed, in part, to the greater depth to which its roots penetrated but also to the considerable quantities of reserve food in the crowns and rhisomes which occu- Side-oats grama, being more xeric than the bluestems, spread considerably and occupied a portion of the soil bared by the death of the bluestems (Table 8 and Fig. 16 ). This grass first appeared in the quadrats in the fall of 1934 in an abundance of only 3.1 percent. It is significant that thereafter the increase was continuous, and by 1938 this species constituted over half the vegetation (Fig. 17) . Observations showed that much of the increase accrued from new plants produced from the numerous rhizomes 1 to 5 inches long which radiated in all directions from the margins of the parent plants. Such young shoots survived drought much better than did seedlings. In LI FPI. 17. Area once occupied by little bluestem. After 7 years of drought, side-oats grama and blue grama constituted most of the cover. Photo, 1939, Hays, Kansas.
F. W. ALBERTSON AND J. E. WixAVER
Ecological Monographs
Vol. 12, No. 1 fact, it was found that when death occurred in this species, it was usually the center of large clumps that died rather than the younger plants produced from rhizomes.
Blue grama, which also made its first appearance in 1934, spread downward from the Buchloe-Bouteloua diselimax above. Increase in number of plants was accomplished by the development of seedlings but increase in size results from addition of new tillers at the periphery of the bunches. This species occupied less than 1 percent of the area in 1934. It scarcely showed consistent gains until 1937. It had increased to 2.1 percent in 1935 but decreased to 1.8 percent in 1936. Thereafter small gains were gradual but constant. In 1939 the average basal cover was 8.8 percent.
UNGRAZED OPEN TYPE OF ANDROPOGON SCOPARIUS
The most common vegetation on the brows of the hills, where the underlying limestone is at or near the surface, is of the open-bunch type. It was not unusual to find only a few scattered tufts of little bluestem, hairy grama, and hairy dropseed, with a considerable sprinkling of dwarfed forbs, in the open spaces between the bunches. Due to the sparseness of vegetation and the frequent mulch of partially disintegrated fragments of limestone, it seems probable that depletion of soil moisture through transpiration and evaporation from the soil surface occurs more slowly than from the more densely populated, deeper soil.
In 1932 the average basal cover of a group of several representative quadrats was 25.5 percent ( Table 9 ). The loss of the dominant was negligible Total. . 25.5 26.9 13.1 11.8 13.6 18.9 18.1 during 1933 and 1934; there was a slight gain in the total cover due to an increase in other grasses. The effects of the drought were first apparent in 1935 when the total cover was reduced to 13.1 percent. This was further decreased to 11.8 percent in 1936, after which there was a gradual increase to a maximum of 18.9 percent in 1938. There was a loss of less than 1 percent in 1939. The relative degree of drought resistance of little bluestem and side-oats grama was clearly shown in comparing the reaction of each to its environment through the 7 years of drought. Little bluestem, which made up practically all the vegetation when the studies were begun in 1932, rapidly diminished until 1937 when a minimum cover of 4U3 percent was reached. The gain during 1938 and 1939 was small. Side-oats grama, on the other hand, gained rather steadily after its appearance in 1934 and constituted over 60 percent of the total vegetation in 1939.
OVERGRAZED CLOSED TYPE OF ANDROPOGON SCOPARIUS
Studies in the overgrazed little-bluestem type were begun in 1935, when the total cover had been reduced to only 11.5 percent (Table 10 ). The average cover for any one species did not exceed 3.4 percent, and the lowest cover for any of the five most persistent species was 0.6 percent. No quantitative determinations were made of the cover of the various grasses in this type before the drought, but notes from studies made on various occasions indicate that the total cover was only slightly less than on the ungrazed area. Due to reduced root extension and food storage in the crowns, the dominants under heavy grazing were unable to cope with drought as efficiently as when ungrazed. The reduced stature of the bluestems from grazing doubtless made possible the successful invasion of the short grasses such as blue grama, hairy grama, and buffalo grass. Even sand dropseed (Sporobolus cryptandrus) and wire grass became fairly well established in many of these areas (Fig. 18) . The minimum cover of 9.3 percent was reached in 1936. The cover was practically doubled by 1937, and by 1939 it had reached 29.5 percent or more than three times that of 1936.
The two bluestems continued to decrease until their total cover was less than 1 percent in 1939. The increase of the more xeric grasses, side-oats grama, blue grama, hairy grama, and even buffalo grass, accounted for most of the gain. Side-oats grama, for instance, had 3.4 percent cover in 1935, but this had increased to 12.1 percent by 1939. Similar increases, though in smaller amounts, occurred in the other more xeric species.
CHANGES IN BUCHLOE-BOUTELOUA TYPE
These studies were begun in 1932 when several exclosures were made and numerous representative square meters selected for long-time study. They were extended in 1935, following 2 years of drought and a spring of exceptionally heavy dusting. It was at this time that areas ungrazed for many years, The pasture under study in 1932 had been moderately grazed, but was thereafter protected from grazing. Determinations as to the relative proportion of the two dominants, blue grama grass and buffalo grass, were made in 1931 and 1932. They occurred in about equal abundance. As shown in Table 11A , the basal cover was 88.6 percent (Fig. 19) . After 2 Fie. 19. Quadrat in the closed blue grama-buffalo grass type, typical of the short grasses in 1932 when they were only moderately grazed. The basal cover is 88.6 percent. (1933 and 1934) , the basal cover had been reduced to 84.7 percent. By 1935, the cover was further reduced to 65.4 percent and then to 57.7 percent in 1936. Thus, during the first 4 years of drought, reduction in basal cover was fairly slow. The accumulated results of the drought produced the greatest breakdown in the cover between 1935 and 1937, and a cover of approximately 25 percent was reached in the fall of 1937. The amount increased to 30.6 percent in 1938 due to better growing eonditions, but the drought of 1939 caused another decrease, and when charted in the fall only 22.3 percent of cover remained (Fig. 20) (Savage and Jacobson, 1935) . The basal cover of the vegetation on another area that had been ungrazed for many years before 1935 was significantly less than where moderate grazing was pract'ced prior to initiating this study (Table  3IB ). The excessive growth of the ungrazed vegetation during the favorable years evidently caused the grasses to be more susceptible to drought injury than were the moderately grazed ones. Comparisons made in other short-grass areas that were ungrazed indicated that in some instances the cover had increased to a percentage somewhat greater than that shown in Table 11 . The ravages of the drought caused a great variation in the density of the vegetation. In some places, there occurred large barren areas almost devoid of plants. Hence, the numbers given in the table would seem to be somewhat below the average for 1938 and 1939 (Fig. 21) .
years of drought
The first signs of drought were observed early in June of 1933 when the immature staminate blossoms of buffalo grass were greatly damaged, and its leaves were spirally coiled and dead at the tips. The leaves of blue grama grass, though dark green in color, were rolled. They closely resembled those of Aristida. The immature inflorescences of squirreltail (Sitanion hystrix) were blasted by excessive heat. By June 15, the buffalo grass had become dormant in local areas where the supply of water was least. Elsewhere, however, the natural green color of the leaves was retained. Nearly all the blue grama and buffalo grass was dormant by July 1. The scattered bunches of I'ttle bluestem, wire grass, and squirreltail were badly withered and in many instances were nearly dead. Fl?. 21. View of ungrazed short grasses at Hays, Kansas, in 1939. The living basal cover has been reduced, during the past 7 years, to less than 30 percent.
A few scattered showers early in July supplied some available moisture for plant growth. Many of the grasses showed signs of life, especially in shallow depressions. Green color was restored in some instances where the leaves had not gone into complete dormancy. Usually, however, new leaves emerged from the crown, which was protected by the dormant vegetative cover; in fact, careful observations revealed that even in the periods of greatest drought small amounts of the crown remained green. Sufficient soil water was present during the third and fourth weeks of July to promote considerable plant growth. The small amount of moisture, however, was soon exhausted and by August 5, the grasses were again dormant. Growth was renewed late in August when the soil was moistened to a depth of approximately a foot.
Renewal of growth came late in the spring of 1934, due to the small quantity of available moisture. The rains in June, however, penetrated the soil to a depth of 2 feet and stimulated rapid development. This condition prevailed until early July, when the drought became most severe. By the middle of July, all vegetation was badly wilted and many plants were completely dormant. They remained thus until rains late in August and early in September supplied sufficient moisture for growth.
It was during the drought of 1934 that the most exposed locations in this habitat suffered greatly. The bluish-gray color of the short grasses indicated that there were large areas where life was completely extinct. In other places, however, where the normal straw color was retained, the plants proved to be only dormant. It was further observed that areas suffering greatest losses were frequently occupied by a larger percentage of buffalo grass than blue grama grass.
Feeble growth of the two short grasses was observed late in March, 1935, where the layer of accumulated dust did not exceed 1 inch. This meager activity was reduced to almost nil during April when the greatest amount of dusting occurred. The rains of May, however, which were far above normal, washed away the dust and stored enough moisture in the soil to stimulate unusual plant activity. The stolons from the remnants of buffalo grass grew very rapidly. Early in June, when growing conditions were optimum, they often increased in length as much as an inch per day. It was not uncommon to find stolons 2 to 12 inches long rooted at the nodes where the cover was sufficiently open to permit them to make contact with the moist soil (Fig. 22) . In some places, however, stolons were found to have grown one over the other until they had produced a carpet several inches thick. Under such circumstances, rooting at the nodes was impossible. Furthermore, it was frequently found that they grew over the dead remains of other grasses, which likewise prevented root development.
Numerous seedlings of buffalo grass and blue grama grass were scattered through the open places in the vegetation. Seedlings of six-weeks fescue (Festuca octoflora) were also found throughout the short grasses for the first time since 1932. On June 25, a few green sprouts were found growing from the borders of nearly dead bunches of wire grass. Buffalo grass stolons had become so abundant that they formed a heavy mat over much of the soil. By this time, many had reached lengths of 18 to 24 inches. The numerous small bunches of blue grama that survived the drought were now extending their cover by myriads of tillers (Riegel, 1940) . All short grasses, except those in depressions, were badly wilted by the middle of July. Many of the buffalo grass stolons, when shallowly rooted or when not in contact with the soil, had died back to the parent plant. The reactions of the grasses to the environmental conditions to which they were subjected indicated that under extremely adverse conditions the breakdown is rapid. Conversely, when cond:tions become favorable, replacement is equally rapid.
Growth was renewed during the latter part of March, 1936, and continued intermittently through May. The exceptionally dry months of June and July, however, forced all of the vegetation into dormancy and in many instances reduced the cover to nearly zero. In most places, the basal cover reached its minimum for the drought period in 1936, although the rains of August and September were sufficient to stimulate a small amount of fall growth.
The soil was extremely dry in the spring of 1937 and growth was not renewed until late May when the soil was moistened to a depth of 12 inches. This small supply of moisture was soon exhausted, and growth continued only intermittently until the rains of July supplied enough water to initiate the most vigorous growth of the season. By early July, a few dwarfed plants of Festuca octoflora were scattered throughout. The short grasses remained alive during August, but there was no apparent growth except in the more moist buffalo wallows and near the large drought cracks in the soil. The rains of late August provided some soil moisture and the grass which was scattered sparsely over the area produced short lower stalks early in September. Buffalo grass stolons also began growth, but this continued for only a short period.
The rainfall of April and May, 1938, was above normal, but due to excessive runoff only a comparatively small amount was stored in the soil. The short grasses began growth early in April and reached their maximum during late May and early June. By June 6, numerous buffalo-grass stolons, from 3 to 8 inches long, were radiating in all directions from the parent plants. Numerous tillers of blue grama grass were being added to the outside of the small tufts of living plants.
Myriads of buffalo grass and blue grama grass seedlings occupied the open spaces between the bunches of grass. It was not uncommon to find as
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L 12 onophs many as 10 to 25 per square foot. Growth continued with no interruption until early in July when the effects of drought became apparent. On July 18 many of the seedlings were dead. The tufts of mature grasses were dormant and many of the stolons of buffalo grass had died back to the place of their origin. The rains of late August and early September stored sufficient moisture in the soil to support the production of flower stalks of blue grama grass. Later study revealed, however, that a comparatively small percentage of caryopses were produced (Savage, 1937). Early spring growth in 1939 was unusually weak. Light rains during April were insufficient to support active plant growth. During May, which was very dry, the vegetation became practically dormant. Rains in June, however, stimulated considerable activity which lasted until the first week in July, when the grasses again became dormant until the coming of showers in early August. Blue grama was in full head and buffalo-grass stolons were 4 to 8 inches long by the latter part of the month. Production of flower stalks on the blue grama, however, was again of no avail, since practically no caryopses were formed (Fig. 23) 1938 and 1939 (Fig. 24) . The relative abundance of buffalo grass and blue grama grass was not determined separately until after 1935. Buffalo grass was reduced to its minimum of 0.4 percent in 1936. The more drought resistant blue grama grass fared somewhat better and had a cover of 3.9 percent. The response of the two grasses to drought was similar in other locations, buffalo grass suffering the greater loss and often almost disappearing except in buffalo wallows (Fig. 25) . Upon the advent of better growing conditions, however, recovery was also much more 1935 (left) wras 72.4 percent. A minimum cover of 0.15 percent of buffalo grass (large dots) sand 2.8 percent  of blue grama (small dots) wras reached by 1937 (center) . 1938 and 1939 and, when charted in the fall of 1939 (right), buffalo grass had a cover of 3.1 percent and rapid; in fact, it was not uncommon for this species to increase its area from 3 to 10 times the original in a single season under optimum growing conditions. Broken cover permitted the invasion of Sporobolue crptandrus, wh-ch was present in only a small amount in 1935. The increase was not great but definite gains were made after 1937. The results of these studies indicate that moderate grazing is no great handicap to the normal development of the short grasses; in fact, there is reason to believe that moderate grazing under normal precipitation will produce a more uniform cover than that developed under total protection (Savage, 1939) .
Significant gains were made by these grasses during
OVERGRAZED BUCHLOE-BOUTZLOUA TYPE
Studies of an overgrazed short-grass type were made concurrently with those of one moderately grazed. In the fall of 1935 the basal cover on this type (22.1 percent) was less than half of that on the moderately grazed area (Table 13 ). The loss of both short grasses was extreme during the following year, the cover being only 2.6 percent in the fall of 1936. d yloid............12. Areas 10 to 15 feet in diameter and containing nothing but a few scattered annual weeds were frequently found.
The cover was increased to 7.3 percent in 1937; to 13.3 percent in 1938; and further increased to 19.4 percent in 1939 (Fig. 26) .
A few scattered plants of Bouteloua curtipendula, Triodia pilosa, and Sporobolus cryptandrus were found in some of the quadrats studied. Andropogon furcatus was present in a very small amount during 1935 in one quadrat where conditions were slightly more mesic than average. The intensity of grazing was materially reduced on these areas during 193b and 1939; hence, recovery was more rapid than ii they had been continuously overgrazed. The effectt of overgrazing and constant dusting on the short grasses were little short of tragic. The cover wa& often reduced to less than 1 percent and growth was extremely weak (Fig. 27) .
A comparison of the relative effects of the drought upon the Buchloe-Bouteloua type when subjected to different conditions is shown in Figure 28 . The average basal cover on the area ungrazed since 1932 was better than that of the moderately grazed one, except in 1939. The cover in the overgrazed area was correspondingly lower than that of the moderately grazed one. Studies made in the spring of 1940 showed that the autumn and winter losses on the overgrazed areas far exceeded those of pastures that were moderately grazed or ungrazed. 
STUDIES IN THE ECOTONE
Studies on the change of vegetation were not limited to those of the typical little-bluestem and shortgrass types, but extended through the transition belt which lies between these two habitats. Investigations were begun in the fall of 1932, and changes that have occurred subsequently have been closely followed. In places the transition from short grass to little bluestem was so abrupt as to make it possible to locate a meter quadrat so that it included a part of each type. Elsewhere, the little bluestem was scattered widely in bunches among the short grasses. : (1) ungrazed, (2) moderately grazed,  and (3) overgrazed. The percentage of bare ground in the overgrazed range (4) reached its maximum in 1936.
LITTrZ BLUESTIX-SHORT GRA8S MIXTURE
In the fall of 1932, the average basal cover in quadrats located where there was a relatively large amount of little bluestem was 65.3 percent (Table   TABLE 14 . Change in percentage of basal cover in 10 meter quadrats in an ungrazed area on the ecotone between the short grasses and little bluestem at Hays, Kansas.
A. lArge amount of little bluestem. 1932 1934 1936 1938 1937 1938 1939 BoHgelow gra l tio..... 20.7 35.9 42.6 18.7 26.9 .0.0 35.7  Buchi o  1.6 4.2 9.3 12.2  Audreponaroparn....  40.1 10.1 5.7 1.f  .2 ..... .... 14A). Of this, 20.7 percent was buffalo grass and blue grama grass, and the remainder was big and little bluestem. The total cover was reduced to 49.3 percent by the fall of 1934, but had increased to 54.2 percent when charted in the fall of 1935. The most destructive effeets of the drought occurred in 1936; the basal cover was then reduced to only 24.7 percent. Considerable increase occurred in 1937 and still more in 1938, and even the exceptionally dry year of 1939 produced a further increase, when the cover reached 51.3 pereent (Fig. 29) . It is of interest that the chief dominant, little bluestem, which had a cover of 40.1 percent in 1932, rapidly descreased to 0.2 percent in 1937 and then disappeared. Big bluestem furnished 4.5 percent cover in 1932, but although it suffered considerable loss, very small amounts were found continuously throughout the 7 years. It was the increase in short grasses that prevented almost complete destruction of vegetation. In 1934, the cover of buffalo grass and blue grama grass had increased from 20.7 percent to 35.9 percent. A further increase to 42.8 pereent occurred by the fall of 1935. This increase was caused by migration of the short grasses into the portions of the quadrats previously occupied by the bluestems and not by an actual increase in density in the parts which they originally covered.
Species
The short grasses had spread throughout the quadrats by 1936, but the intense drought had reduced the cover of vegetation in a manner similar to that in other locations occupied by these species. It was this thinning out process that caused such an abrupt loss between 1935 and 1936. The increase from 24.7 per- cent of basal cover in 1936 to 51.3 percent in 1939 was made possible by the gradual spread of both short grasses. Blue grama grass nearly doubled its cover, and buffalo grass, which was reduced to 1.6 percent in 1936, increased its holdings to 12.2 percent-more than seven times its minimum. Side-oats grama, which was absent in 1932, afforded 2.5 percent of the cover in 1934. No large gains of this grass occurred, but its persistence indicates a greater drought resistance than that of the two bluestems.
In areas where little bluestem constituted a small percentage of the vegetation in 1932 (Table 14B) , the change in cover was considerably different from that in the more mesic locations where the little bluestem was relatively heavy. The average total cover in the fall of 1932 was 83.4 percent. The decrease was gradual thereafter until 1937, when the minimum of 33.4 was reached. By the fall of 1938 it had increased to 37.3 percent, and to 48.5 percent in 1939. Since little bluestem formed only a small percentage of the vegetation in the beginning, the total cover was not changed appreciably by its replacement with the more xeric short grasses.
The short grasses covered 76.2 percent of the area charted in 1932. They lost slightly in 1934, and a little more in 1935 when the cover was reduced to 68.5 percent. The extreme drought of 1936 reduced the basal area of short grasses to 50.3 percent, and further reduction occurred in 1937 when it reached its minimum of 33.0 percent. Each of the short grasses made gains thereafter. Both bluestems disappeared in 1936. Side-oats grama, which appeared first in 1934, was never present in any considerable amounts.
SIDE-OATS GRAMA-SHORT GRASS MIXTURE
Side-oats grama had evidently invaded the short grasses during the wet period previous to the drought. It constituted the major portion of the vegetation in local areas on the more xeric side of the ecotone between the little-bluestem and the shortgrass habitats. Several permanent quadrats representative of this condition were charted in the fall of 1932 (Table 15 ). The total cover was 81.8 per- cent. This amount was diminished to 74.7 percent in 1934 and to 47.9 percent in 1935. The minimum of 14 percent was reached in 1936. The gain in cover thereafter was relatively rapid and by 1939 it was 44.9 percent. The behavior of side-oats grama in this location was similar to that of the little bluestem farther down the slope. This grama grass, with a cover of 60.2 percent in 1932, rapidly decreased to only 3.3 percent in 1936. It gained slightly in 1937, but reached its minimum of 2.7 percent in 1938, and then increased to 4.3 percent in 1939.
The short grasses, which had 21.6 percent cover in 1932, increased to 26 percent in 1935. This cover was reduced to only 10.5 percent in 1936. The gains were constant thereafter and by the fall of 1939 these two grasses occupied nearly 40 percent of the area.
MIXED MID GRASSES AND SHORT GRASSES
In 1934 it was observed that the more mesic grasses, such as little bluestem and wire grasses that were scattered through the short grasses on the nearly level tablelands, had suffered exceptionally heavy losses. Permanent quadrats were located and charted to show the cover in 1934 after 2 years of extreme drought. The average cover where little bluestem was the dominant mid grass was 33.6 percent (Table 16A ). The cover was reduced to 21.8 The two wire grasses (Aristida purpurea and A. longiseta) were commonly found in local weedy areas on gentle slopes in 1934, when studies concerning the behavior of these grasses were begun (Table 16B ).
The first year the total cover was 32.3 percent, 7.8 percent of which was wire grass and the remainder, 24.4 percent, short grasses. The cover of wire grass rapidly decreased and by 1936 only remnants remained. Observations in areas adjacent to those of intensive study indicated that this grass was reduced to less than 1 percent throughout the area. A few scattered plants were found growing in local weedy places in 1938; although none were present in the quadrats that were charted. Decrease in available soil moisture in this habitat lagged behind that of the little-bluestem and shortgrass types; hence, the changes in the composition and abundance of the vegetation were slower to appear. The change, at first, was one of shifting in the relative amount of the various native grasses rather than an actual decrease in the total cover. Later, however, as the available soil moisture decreased and as the amount of loose soil washed in from the partly bared watersheds increased, the plant population was materially reduced. All of the more mesic grasses decreased both in size and abundance. These included big bluestem, tall panic grass (Painicum virgatum), Indian grass (Sorghastrum, nutans), wild rye grass (Elymus virginicus), and plains bluegrass (Poa arida). The more xeric grasses, however, such as western wheat grass, side-oats grama, and long-leaved dropseed, made definite gains. Western wheat grass, a species immediately bordering the ravines, invaded the lowlands from this vantage point, and long-leaved dropseed spread from small areas of nearly pure stands in the heads of ravines.
Debris of soil and dead plants washed down from above and often covered much of the vegetation, thus creating bare areas. These were usually populated by myriads of such weedy annuals as the common sunflower (Helianthus annuus), lamb's quarters (mostly Chenopodium, album), and Russian thistle (Salsola pestifer).
While none of the species entirely disappeared, a loss of fully 25 percent of the vegetation resulted from the combined influences of drought and consequent soil erosion and deposit.
STUDIES IN SOUTHWESTERN KANSAS
Studies of the effects of the drought on the vegetation were considerably expanded in 1937 by placing meter quadrats in representative areas at 15 different stations in southwestern Kansas (Fig. 1) . Each quadrat was recharted in 1938 and again in 1939, and studies were made as to the general condition of the surrounding vegetation. The results are grouped according to the conditions to which the area was subjected at the time of the initial quadratting. The amount of subsequent dusting has varied somewhat, but the classification is reasonably accurate. Condition 1 indicates light dusting and moderate grazing; 2, light dusting and overgrazing; 3, heavy dusting and moderate grazing; and 4, heavy dusting and overgrazing (Table 17) .
The basal cover in 1937 varied from 10.0 to 32.9 percent under condition 1 and averaged 19.8 percent. The average was increased to 27.8 in 1938, a gain which was again lost during the drought of 1939 (Fig. 30) . The relative proportion of buffalo grass and blue grama varied considerably and generally no apparent reason could be found for the differences. At three of the four stations, the percentage of buffalo grass cover averaged much higher than that of blue grama grass. At Scott City, the reverse was true. At Oakley, there was a large gain in buffalo grass between 1937 and 1938 and then an enor-TABLZ 17. Deviation from mean precipitation, condition, percent of basal cover of blue grama grass and buffalo grass, and basal cover on representative pastures near each station. -4.6 1 6.4I14.:0.7-8.03   2.2 1.6 3.8 9313 3.9 2.2 6.1  1938... +2.1 10.1 29.9 40.o -1.6 3 3.41 2.9 6.3 .71a 4.3 6.3110.6  1939... -6.6 1 5.4 5.0 10.4 -5.0 3 9.41 7.7 17.1 9.X1 2.8 Fig. 32) . The relatively large cover at Quinter in 1939 resulted from a great increase in the cover of buffalo grass.
When the area was heavily dusted and moderately grazed (condition 3), the average percentage of basal cover was 5.8 in 1937. It increased to 11.4 percent in 1938 and then to 14.9 percent in 1939 (Fig. 33) overgrazing, has been reduced to nparly zero (Fig.  34) . This type of prairie constitutes a large portion of the grassland near the center of the dust bowl. Farmers report that many of the dust storms since 1935 have arisen in these prairies. Drifts of soil, often 30 inches high and extending for many rods, are frequently found in this region.
The yield of palatable forage in overgrazed pastures is less than 10 percent of that produced in well-managed ones. This fact is exceedingly important when considering the rate of stocking the range. Many ranges originally stocked at the rate of one animal unit to 10 to 12 acres now require 30 to 50 acres to support one animal. This condition has placed an exceedingly dfficult task upon ranchers since it has often been practically impossible to produce supplementary feeds such as sorghums. As a consequence, they have been compelled to dispose of most of their livestock, thereby greatly reducing the farm income and making the earning of an independent living almost impossible. It seems clear that several years of normal or above normal precipitation with the most judicious range management will be necessary to restore the former cover of grasses.
SUMMARY
The prairie vegetation of western Kansas has been studied through 7 years of continuous drought, 1933 to 1939, inclusive. Investigations were centered at Hays, but studies were made in many counties. Water content of soil has been determined weekly during the growing season, and a record of aerial environmental factors obtained. Reactions of the mixed prairie and short grass vegetation have been recorded year by year in scores of permanent, widely distributed quadrats, and by extensive field notes.
The pioneers found a dense cover of vegetation. They broke only enough sod to grow crops for food, and winter forage and grain for their livestock. Farming, which for a long time was incidental to stock raising, received a great impetus with the invention of labor-saving machinery and a period of high prices for wheat. Despite this stimulus to agriculture, over one third of the land remains unbroken. Saturation of the wheat market turned attention to livestock production just at a time when the range was severely depleted by drought and dust coverage. Extent of grassland was limited and overgrazing and deterioration inevitable.
Moderately grazed and ungrazed prairies were in excellent condition in 1933 because of a very favorable six-year period just preceding when the average annual precipitation (27.8 in.) was approximately 5 inches above normal.
Annual precipitation during each of the drought years was below normal and during 4 of the 7 years nearly 7 inches below. Most of this deficit occurred during the growing season. Periods of 5 to 7 weeks in summer with practically no rainfall occurred. An accumulated deficit of 6.7 inches in 1933 increased to 21.6 in 1936 and to 34.5 inches in 1939.
Temperatures were abnormally high during the drought and duration of periods with high temperatures unusually long. Average daily maximum temperatures for June, July, and August of the 4 driest years were 93.2?, 100.60, and 94.87F., respectively, or 8.00, 7.5?, and 4.4? higher than for the same months during 1925-1932.
Wind movement was abnormally high. That of 1934 was greatest, being 41,782 miles from April to September, inclusive. The lowest (1936) was 33,838 miles. The highest wind movement occurred in April and May and often resulted in great dust storms. Combined effects of cultivation, overgrazing, and drought created conditions extremely conducive to dust storms. Such storms were frequent but not severe during 1932. Many dust storms of wide extent occurred in April, 1933, but the blowing of dust reached a climax in March and April of 1935. Sometimes the storms were of several days duration. Vast areas of vegetation were smothered by thin blankets of silt or by great drifts of loose earth. After the vegetation died, the dust was again moved by the wind and thus supplied the silt for later black blizzards.
The average seasonal evaporation (April to September, inclusive) from a free water surface was 48.5 inches preceding the drought. It was always greater during the drought and was 66.4 inches in 1934. Average monthly evaporation for the drought years was 1.8 inches higher than normal in June, 2.7 inches in July and 1.7 inches in August, and was 8.5 inches above normal for the growing season.
Water content of soil was determined at weekly intervals throughout the growing season to a depth of 5 feet. Available water was the limiting factor to plant production. There was about 2 percent residual water available to plants at certain depths below 2 feet in 1933 but none thereafter. Water was nonavailable in the second foot after the first week in June, 1933, and continuously so except for 2 weeks in June, 1934, and during the entire month in 1935. From 1937 to 1939, inclusive, the second foot of soil had no water available for plant growth. Even water in the surface foot was depleted to an amount nonavailable for growth during three 2-week periods in 1933, one 4-week period in 1934, and one 7-week interval in 1935. This occurred when water was also nonavailable at any depth to 5 feet, and the plants succumbed or became dormant. During 3 separate weeks in 1937 they were without available water; similar periods of 2 and 5 weeks duration occurred in 1938, and in 1939 there were three, including one of 4 weeks duration in July and August.
Three types of vegetation, with varying degrees of intermixtures, are common in the mixed prairie of west-central Kansas. They are the little bluestem (Andropogon scoparius) type, common on hillsides and in shallow ravines; the short-grass (Buchloe-Bouteloua) type, widely distributed over nearly level uplands; and the big bluestem (Andropogon furcatus) type of larger ravines and lower moist slopes.
During the 7 years of drought, vegetation remained wilted or dried over periods of several weeks duration. Periods of dormancy alternated with those of growth several times during a single summer. Many mesic plants disappeared completely and even the most xeric species were reduced greatly in numbers. Animal life was also greatly depleted.
The complete story of the deterioration of the little bluestem type has been recorded. The original basal cover of about 60 percent was composed of approximately one-sixth big bluestem and nearly all of the remainder was little bluestem. Even where protected from grazing, little bluestem decreased so rapidly that only 10 to 20 percent remained in 1935, and 1 to 4 percent in 1939. Big bluestem was reduced to 2 percent or less. Invasion of more xeric species, especially side-oats grama (Bouteloua curtipendula) and blue grama (B. gracilis) resulted in the minimum basal cover of 16 percent (1936) being increased to 22 to 30 percent in 1939. Accumulated benefits derived from the best drought years were often ex-pressed by better growth the following season, even if dry. Myriads of seedlings sometimes appeared in the open spaces between the living bunches but nearly all succumbed. Opportune showers permitted flowering of mature plants but few viable seeds were produced.
Late in the drought period, large areas of level prairies were found to be completely devoid of little bluestem. Some big bluestem survived owing not only to its greater depth of root system but also to the large amounts of reserve foods in crowns and rhizomes. Side-oats grama, once established in the bared areas, spread considerably, mostly by short rhizomes, the young shoots from them surviving more severe drought than the seedlings. Plants of blue grama grass increased by tillering. The increase was slow but constant in the little bluestem habitat.
In the ungrazed open type, the predrought basal cover was often only 25 percent, and consisted of nearly pure little bluestem. It was reduced rapidly after 1934, and to 12 percent in 1936. Increase of side-oats grama, which became dominant, from 4 to 11 percent, partly counterbalanced the losses suffered by little bluestem. Basal cover was about 18 percent in 1939.
Basal cover in the overgrazed little bluestem type had been reduced to 11.5 percent in 1935. Side-oats grama and blue grama constituted about half of the cover, which reached its minimum of 9.3 percent the next year. Although the bluestem all but disappeared, the total vegetation, including buffalo grass, improved steadily and attained a basal cover of 30 percent in 1939.
Studies in the Buchloe-Bouteloua type were begun in 1932 and extended in 1935 to include several grazing treatments. In 1937 quadrats were established in pastures in 10 different counties of western Kansas; some pastures had undergone various degrees of covering by dust.
Ungrazed pastures, formerly moderately grazed, with an approximately equal mixture of buffalo grass (Buchloe dactyloides) and blue grama grass in almost pure stands presented a basal cover of 80 to 90 percent. This decreased slowly until 1936 when it was only 58 percent, and the next year to 25 percent. Although fluctuating somewhat, this stand was further reduced to 22 percent in 1939.
Deterioration was much greater in a similar, adjacent pasture that had been ungrazed for many years. Excessive growth of the vegetation during the good years preceding drought made it more susceptible to drought injury than pastures which had been moderately grazed. Basal cover was only 25 percent in 1935, and 11 the next year. Thereafter there was a slow but steady improvement until 1938-39 when it was again 26 percent. There was little change in composition of the vegetation, although previous to 1935 buffalo grass had suffered the greater loss. In portions of the pasture there were large areas almost without vegetation. Areas suffering the greatest losses had been composed more largely of buffalo
